Abstract: Four samples of milled lignite used in the "Nikola Tesla A" power plant, located in Obrenovac near Belgrade, were subjected to a five-step sequential extraction, comprising of the following phases: distilled water, 1 M ammonium acetate, 0.2 M ammonium oxalate/0.2 M oxalic acid, acidic solution of H 2 O 2 and a 6 M solution of HCl. The concentrations of the different elements obtained in the extractions were statistically analysed. The majority of the examined elements were found to be most probably associated with inorganic fractions of lignite, only aluminum, silicon, chromium and arsenic have a larger extractable organic/sulfide fraction than an extractable inorganic fraction. Alumosilicates of magnesium (carriers of arsenic, zinc, lead, copper and chromium), silicates of potassium (scavengers of lead and nickel), mixed aluminates of iron and magnesium (carriers of arsenic, zinc, copper and chromium) and compounds of iron that do not contain aluminum and magnesium (scavengers of manganese) were dissolved in the fifth phase of the sequential extraction. Copper is a substrate of alumosilicates of potassium and magnesium, while zinc and chromium are substrates of compounds of iron leached in the third phase of the sequential extraction. Interphase correlation revealed that the adsorbed and ion-exchangeable fractions of most of the examined elements do not exhibit preferential binding to the components of the inorganic matrix of lignite ash.
INTRODUCTION
The chemical and physical characteristics of a coal are predetermined by the nature of the precursor plants, the amount of inorganic materials, and by the nature, intensity and duration of the biochemical and geochemical processes which were responsible for its formation. 1 The inorganic component of cooal consists of discrete mineral fragments containing variously associated trace elements. Almost all natural elements have been found in coal, 2 except some very rare elements such as polonium, astatine, francium and protactinium. 3 In US coals, 79 elements have been found, starting from carbon (63 % average content). The most abundant heavy metal is lead (11 ppm aver-age), while ruthenium and osmium have been detected only at trace levels (1 ppb). 3 In coals from different parts of the world some precious elements have also been found, such as platinum, 4 but also radioactive elements, such as radium-226 and actinium-228. 5 In coals leaving less than 5 percent ash, trace elements mostly originate from organic components (e.g., biogenic V and Ni), whereas in coals leaving more ash, they also originate from inorganic, mineral components.
During coal combustion in thermo-electric power plants, practically only the organic portion of coal burns, while the inorganic components of the coal mainly do not burn, but remain in the ash, which is a by-product of combustion. Since coal, by definition, contains more than 50 % of organic substances, 6 which are not found (or are found in the very small amounts) in the ash, it is clear that the main part of the inorganic components of coal, including many trace elements, is concentrated in the ash. A series of physico-chemical transformations takes place during coal combustion in power plants, often changing the solubility and association patterns of various elemental species. Moreover, the elements show various distribution patterns among the mineral fractions obtained after coal combustion, which are often completely different, to the original associations. It has been established that with the decrease of ash particle size the concentrations of arsenic, copper, molybdenum, lead and zinc increase. While quartz is carried through to the fly ash, pyrite and carbonates make a greater contribution to the bottom ash. 7 In coal ash obtained by the combustion of Nigerian coal, most of the elements examined had enrichment factors less than 1, while arsenic, iron, hafnium, sodium and titanium had enrichment factors ranging from 1 to 10. 8 Also, some of the elements, such as mercury, bromine and selenium, predominantly evaporate. The ash, produced by coal combustion, is stored in landfills where it is exposed to different influences. 9, 10 These influences can solubilize some, otherwise sparingly soluble metals, [11] [12] [13] which can then contaminate the soil and surface and ground waters in the vicinity of the landfill. 14, 15 Thus, environmental aspects of ash storage are increasing the already existing interest for trace and major elements in coal used in power plants.
In order to establish the distribution and major associations of selected trace and major elements in samples of milled lignite used in the "Nikola Tesla A" power plant located in Obrenovac near Belgrade, sequential extraction of lignite samples and statistical analysis of the extracted concentrations were performed. Establishment of mentioned distribution and associations in lignite may be important in predicting the chemodynamics of elements during lignite combustion and later, during exposure of the ash to the influence of the environment.
"Nikola Tesla A" power plant, together with its "twin", "Nikola Tesla B" power plant, uses lignite from the Kolubara Basin. The maximum daily consumption of lignite is approx. 9´10 7 kg, and under these conditions, the amount of obtained ash is approx. 1.7´10 7 kg per day. 16 Sequential extraction is a powerful tool for predicting the behavior of trace elements under various environmental conditions (changes of pH, redox-potential etc.). The use of sequential extraction for the analysis of coals and coal combustion by-products only started relatively recently, 17 but is now being widely used on samples from all over the world, [18] [19] [20] [21] including samples of coal, fly and dump ash from Serbia. [22] [23] [24] EXPERIMENTAL During September 1997, November 1997, January 1998 and March 1998, ten samples per month of milled, prepared for combustion, lignite, were taken. The combined probes of 50 g, one per sampling month, were subjected to a five-step sequential extraction procedure. The procedure itself comprised the following sequence of extractants:
1. Distilled water (weakest extractant -the amount of elements extracted in this step is the least that can be expected, regardless of the type of water used for ash transport to the dump); 2. 1 M Ammonium acetate (this extractant should dissolve the fractions of elements that are bound to the particle surface with stronger bonds than the fraction washed with distilled water); 3. 0.2 M Ammonium oxalate/0.2 M oxalic acid (imitation of the reductive dissolution of iron and manganese oxides, which are important scavengers of microelements); 4. 30 % H 2 O 2 , 0.01 M HNO 3 on a water bath at 85 0 C, in order to dissolve organic/sulfide matter, with subsequent desorption of eventually re-adsorbed elements, by washing with a 3.2 M ammonium acetate solution for 30 min. In the case of coals it can expected that a large, but not all, portion of the organic and sulfide phases will be dissolved in this reagent. Consequently, a portion of the trace and major elements accompaning the undissolved organic/sulfide matrix will remain in the solid phase.
5. Digestion with 6 M HCl at 85 0 C, introduced in order to obtain additional information on the crystalline iron oxides and silicates.
The elected sequence of extractants was, with some alterations, 25 mostly used for examination of coal samples, [18] [19] [20] and it is remarkably similar to the sequence of extractants used for sediments and soils.
After washing, the residues were treated with the next extractant. The combined extracts and washings after each extraction step were concentrated and the trace elements were analyzed by a SpectrAA-20+ Varian atomic absorption spectrometer.
RESULTS
The concentrations of the examined major and trace elements are shown in Tables I-III, while correlational parameters, obtained by statistical analysis of the extracted concentrations, are shown in Tables IV-VII.
DISCUSSION
The macro-and microelements contained in lignite were differently distributed (Tables I-III) . However, it is obvious from the results obtained by extraction that most elements were contained in the inorganic phase of lignite, even inside the extractable part. It should not be forgotten that during sequential extraction the solid phase was not totally destroyed. A large amount, but not all, of the organic/sulfide component was dissolved in the fourth phase of sequential extraction, while the total mineral component was not dissolved either, which means that some elements have additional organic and mineral components, besides the ones determined by the extraction. The investigated major elements (Table I) can be separated on the basis of their fraction in the extracted organic/sulfide phase into elements which were predomantly extracted from this phase (aluminium 58.56 ± 11.31 % and silicon 58.36 ± 11.66 %) and into those which were predominantly extracted from the inorganic component, even in an extracted fraction of lignite (iron 60.76 % of the totally extracted elements was released in the third phase of the extraction). It is interesting to note that two major elements, magnesium and potassium, cannot be precisely categorized. Actually, a larger amount of potassium and approximately the same amount of magnesium were released in the fourth phase of the sequential extraction compared with the sum of the amounts extracted in the third and the fifth phase, however, more than 50 % of the extracted amounts were released in the first two phases of the sequential extraction. Since it is not possible to determine the origin of adsorbed and ion-exchangeable fraction using the applied technique (only the correlation of adsorbed potassium with iron released in the third phase is significant), it is not possible to say whether the adsorbed and ion-exchangeable potassium and magnesium were connected with the organic or with the inorganic fraction of lignite.
Concerning the microelements (Tables II and III) , they can be classified into three groups. Elements having a large part of their extractable component associated with the extracted organic/sulfide fraction of lignite are in the first group, i.e., chromium (68.61 ± 13.23 %) and arsenic (54.85 ± 21.25 %). Elements having a significant (although less than 50 %) amount of their extractable component connected with the extracted organic/sulfide phase are in the second group, the main representative being nickel (30.80 ± 10.19 %). The extracted organic/sulfide component of the other investigated elements, which are in the third group, are present in only small amounts, i.e., manganese (8.28 ± 4.85 %), copper (11.09 ± 2.80 %), zinc (9.33 ± 3.00 %), cadmium (0.00 ± 0.00 %) and lead (10.38 ± 3.10 %) of the total extracted amount.
The fact that most of the elements are indisputably connected with the inorganic fraction of lignite is not unexpected taking into consideration the large amount of ash remaining after the combustion of lignite. The elements within the extractable fraction, which are prevalently connected with the inorganic component can be divided into subgroups based on the difference of their extractability in the third and fifth phase of the sequential extraction of the lignite. The first group contains elements the extractable fraction of which is connected with the inorganic component and is concentrated in the third phase of the sequential extraction. The second group contains elements the extractable fractions of which, except for the part which is organically associated, are mostly present in the fifth phase of the sequential extraction. Nickel (56.80 ± 3.92 % extracted in the third and 11.67 ± 5.56 % extracted in the fifth phase of the sequential extraction), copper (65.97 ± 7.49 % extracted in the third and 22.21 ± 11.10 % extracted in the fifth phase of the sequen-tial extraction) and iron (60.76 ± 0.57 % extracted in the third and 13.18 ± 5.31 % extracted in the fifth phase of the sequential extraction) belong to the first group. Cadmium (0.00 ± 0.00 % extracted in the third and 95.24 ± 0.00 % extracted in the fifth phase of the sequential extraction) and lead (1.26 ± 2.52 % extracted in the third and 88.36 ± 44.81 % extracted in the fifth phase of the sequential extraction) belong to the second group, while zinc (41.51 ± 9.18 % extracted in the third and 31.93 ± 14.69 % extracted in the fifth phase of the sequential extraction) and manganese (40.11 ± 13.97 % extracted in the third and 44.55 ± 15.62 % extracted in the fifth phase of the sequential extraction) lie between these two groups.
It is possible to make an assumption about the association of the elements present in inorganic fraction of lignite on the basis of intraphase correlation analysis of the concentrations which are extracted in phases of the sequential extraction where inorganic matrix was dissolved, i.e., third and fifth phase. Correlational parameters (correlational coefficient R and significance of correlation p) of the concentrations extracted in the fifth and third phase of sequential extraction of samples of milled lignite are shown in Tables IV and V, respectively. There is a strong correlation (i.e., correlation having a significance of correlation p £ 0.05) between the concentrations of magnesium, aluminum, and silicon leached in the fifth phase of sequential extraction (Table IV) , suggesting that magnesium alumosilicates (and/or magnesium aluminates, magnesium silicates and alumosilicates which do not contain magnesium) are dissolved in this phase of the extraction. Of the other examined major elements, the concentrations of potassium dissolved in the fifth phase are significantly correlated with concentrations of silicon dissolved in the same phase, while the concentrations of iron are significantly correlated with the concentrations of magnesium and aluminum leached in the fifth phase of the sequential extraction. This is probably a result of the dissolution of silicates of potassium and mixed aluminates of iron and magnesium (and/or magnesium aluminates, iron aluminates, and compounds of iron and magnesium which do not contain aluminum) in this phase of the sequential extraction. On the base of the results obtained by statistical analysis of the concentrations of trace and major elements dissolved in the fifth phase of the extraction (Table IV) , it is possible to conclude that mixed aluminates of iron and magnesium (and/or magnesium aluminates and compounds of iron and magnesium which do not contain aluminum) are the carriers of arsenic, zinc, copper and chromium, while magnesium alumosilicates (and/or magnesium aluminates, magnesium silicates and alumosilicates which do not contain magnesium) are, in addition, also scavengers of lead. Potassium silicates extracted in the last phase of sequential extraction are the scavengers of lead and nickel. Finally, manganese is substrate of iron compounds not associated with the aluminum leached in the last phase of the extraction.
Statistical analysis of the concentrations of elements leached in the third phase of sequential extraction (Table V) , the second phase in which inorganic matrix par-ticles are dissolved, revealed fewer correlations of high significance than the analysis of the concentrations obtained in the fifth phase of the extraction. Alumosilicates are again present as carriers which are dissolved in this phase of the extraction, as can be seen by the significant correlation of the concentrations of leached aluminum and silicon. The concentrations of both elements are significantly correlated with the concentration of extracted potassium and magnesium, thus evidencing the existence of alumosilicates of potassium (and/or potassium aluminates, potassium silicates and alumosilicates which do not contained potassium) and magnesium alumosilicates (and/or magnesium aluminates, magnesium silicates and alumosilicates which do not contain magnesium) which are leached in this phase of the extraction. Based on statistical analysis, it can be said that copper is a substrate of these compounds, while zinc and chromium are substrates of iron compounds extracted in the third phase. The intraphase correlational analysis (although based on the measured concentrations of some elements only) revealed the existence of at least four different inorganic scavengers of copper, at least three different inorganic carriers of chromium and zinc, two of lead and arsenic and one of manganese and nickel.
The interphase correlation (the results are shown in Tables VI and VII) , i.e., the correlation between the concentrations extracted in different phases, was performed here mainly to establish certain regularities in the binding of the easily mobile fractions, the first and the second ones, on the one hand, and the parts of the component of the inorganic matrix, on the other. Thus, on the basis of the interphase correlations, it was possible to postulate that the ion-exchangeable silicon is most probably bound to alumosilicates which do not contain potassium and which are dissolved in the third phase of the extraction, while the ion-exchangeable copper is bound to potassium aluminates dissolved in the third phase, and compounds of magnesium and iron dissolved in the fifth phase of the extraction. The adsorbed fraction of copper is preferably bound to iron compounds dissolved in the third phase of the extraction.
However, it can be noticed that the concentrations of most of the adsorbed and ion-exchangeable fractions of the analyzed trace and major elements do not reveal significant correlations with the concentrations of the major elements soluble in the third and the fifth phase of the sequential extraction. There are several possible explanations for this. The most elegant one is that almost all the elements are adsorbed or bound by ion-exchangeable bonds with the organic and/or sulfide component of lignite (or with compounds of the macro elements which were not investigated, calcium foremostly), and, hence, their concentrations cannot be significantly correlated with the concentrations of the major elements of the inorganic matrix of lignite. Although this fact is probably partially correct, it is not possible to explain all the potential associations between the elements by employing it. There are a large number of significant interphase correlations on a not significantly changed inorganic matrix in both the fly ash and landfill ash, 26 which proves the possibility or sensibility of the inorganic matrix for this kind of bonding. The relatively small number of significant correlations of this kind in the lignite samples can still be a consequence of non-selective bonding of adsorbed and ion-exchangeable fractions of different elements, due to which the significance of the correlations is lost.
The question arises as to the origin of the adsorbed and ion-exchangeable fraction in the investigated samples of lignite. These two fractions of different elements certainly existed in the original samples of lignites but it is questionable whether the adsorbed and ion-exchangeable elements, which were present in the original lignite, were also present in the lignite used in the thermo-electric power plant, or whether these fractions present during the combustion of the lignite were of a more recent origin. Taking into consideration that the lignite had been exposed to rain after its mining, i.e., in stock piles and during transportation, it is probable that most of the elements which were present in the original "easily extractable" fractions of lignite were rinsed out long before the combustion process, and that the experimentally found adsorbed and ion-exchangeable elements, were present as a consequence of sorption occurring during transportation, storage and grinding of the lignite.
CONCLUSIONS
-The largest fractions of the examined elements were associated with the extractable inorganic fractions of lignite, only aluminum, silicon, chromium and arsenic had larger extractable organic/sulfide than extractable inorganic fractions.
-Within the inorganic fraction, larger amounts of nickel, copper, iron, zinc and manganese were extracted in the third than in the fifth phase, while the opposite was true in the cases of cadmium and lead.
-Alumosilicates of magnesium (and/or aluminates of magnesium, silicates of magnesium and alumosilicates that do not contain magnesium) which were carriers of arsenic, zinc, lead, copper and chromium, silicates of potassium which were carriers of lead and nickel, mixed aluminates of iron and magnesium (and/or aluminates of iron, aluminates of magnesium and compounds containing iron and magnesium but not aluminum) which were carriers of arsenic, zinc, copper and chromium, and compounds of iron that do not contain aluminum and magnesium which were scavengers of manganese were dissolved in the fifth phase of the sequential extraction.
-Copper is a substrate of alumosilicates of potassium (and/or aluminates of potassium, silicates of potassium and alumosilicates containing no potassium) and alumosilicates of magnesium (and/or aluminates of magnesium, silicates of magnesium and alumosilicates which do not contain magnesium) dissolved in the third phase of the extraction, while compounds of iron leached in the same phase were carriers of zinc and chromium.
-Copper is adsorbed to iron dissolved in the third phase of the sequential extraction, while the ion-exchangeable fraction of the same element was bound to compounds of the manganese and iron dissolved in the fifth, and aluminum and potassium extracted in the third phase of the sequential extraction. Ion-exchangeable silicon is bound to alumosilicates washed in the third phase of the extraction.
-Most of the adsorbed and ion-exchangeable elements do not specifically bind to the parts of the inorganic fractions of the matrix
